A B S T R AC T
Background. Seasonal variations may exist in transitioning to dialysis, kidney transplantation and related outcomes among end-stage renal disease (ESRD) patients. Elucidating these variations may have major clinical and healthcare policy implications for better resource allocation across seasons. Methods. Using the United States Renal Data System database from 1 January 2000 to 31 December 2013, we calculated monthly counts of transitioning to dialysis or first transplantation and deaths. Crude monthly transition fraction was defined as the number of new ESRD patients divided by all ESRD patients on the first day of each month. Similar fractions were calculated for all-cause and cause-specific mortality and transplantation.
Results. The increasing trend of the annual transition to ESRD plateaued during 2009-2012 (n = 126 264), and dropped drastically in 2013 (n = 117 372). Independent of secular trends, monthly transition to ESRD was lowest in July (1.65%) and highest in January (1.97%) of each year. All-cause, cardiovascular and infectious mortalities were lowest in July or August (1.32, 0.58 and 0.15%, respectively) and highest in January (1.56, 0.71 and 0.19%, respectively). Kidney transplantation was highest in June (0.33%), and this peak was mainly attributed to living kidney transplantation in summer months. Transplant failure showed a similar seasonal variation to naïve transition, peaking in January (0.65%) and nadiring in September (0.56%). Conclusions. Transitioning to ESRD and adverse events among ESRD people were more frequent in winter and less frequent in summer, whereas kidney transplantation showed the reverse trend. The potential causes and implications of these consistent seasonal variations warrant more investigation.
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I N T R O D U C T I O N
Seasonal variations have been reported in various disease conditions, including infection, cardiovascular disease and mortality. During winter, there is a peak in the recurrence of respiratory infection host pathogens and in the incidence of associated sepsis [1] , which may, in part, be explained by cold air, low humidity and host physiology [2] [3] [4] . Blood pressure rises in the winter, and drops in summer in relationship to ambient temperature, especially among the elderly [5] . High sympathetic nervous system activity is observed in winter, whereas cutaneous vasodilatation and loss of water and salt from sweating is the suggested mechanism for low blood pressure in summer [6] . The incidence of chronic heart failure, coronary heart disease and stroke are also highest in winter [7] [8] [9] [10] [11] , and there may be a link between infection and cardiovascular disease through endothelial dysfunction and activation of the inflammatory and coagulation system [12] [13] [14] [15] [16] [17] . Indeed, previous studies estimated that ∼10-20% of heart failure is attributable to respiratory disease [14] [15] [16] , and another recent study from the USA also confirmed the association of influenza-like illness with cardiovascular mortality [17] .
Patients with end-stage renal disease (ESRD) requiring dialysis treatment are at high risk of cardiovascular disease and infection. These conditions account for the first and second leading causes of death [18] , and contribute to the higher mortality of this population compared with that of patients with cancer, congestive heart failure or acute myocardial infarction [19] . In addition to traditional risk factors, such as older age, hypertension and diabetes, several non-traditional, kidney disease-specific factors (i.e. oxidative stress, uremic toxins, compromised immunity, protein-energy wasting, hyperphosphatemia, vitamin D deficiency and fluid retention) may play roles in the development of these disease conditions and associated mortality risk [20] [21] [22] [23] . Furthermore, cardiovascular and infectious events may also induce irreversible acute kidney injury in predialysis patients with advanced chronic kidney disease, resulting in the accelerated initiation of dialysis treatment in winter.
Understanding seasonal variations in patient outcomes may have major clinical and healthcare policy implications for better resource allocation across seasons of the years. It may also aid in more accurate interpretation of information collected in cohort studies and population surveys across different seasons. Indeed, several studies have demonstrated such seasonal variations in blood pressure, inter-dialytic weight gain and laboratory parameters [24] [25] [26] [27] [28] [29] . However, only a few studies have shown that the incidence or mortality varies by seasons among patients with ESRD [29] [30] [31] , and their study populations were restricted to hemodialysis patients. In this study using the entire US ESRD population from 2000 to 2013, we hypothesized that both the incidence of transition to ESRD and mortality would be consistently highest in winter and lowest in summer, irrespective of treatment modalities (i.e. hemodialysis, peritoneal dialysis and kidney transplantation). We also examined transplant failure fractions among those who received kidney transplantation.
M AT E R I A L S A N D M E T H O D S
Study population and data source This was a descriptive analysis of the entire United States Renal Data System (USRDS) database to evaluate seasonal variations in the (i) transition to ESRD, (ii) all-cause and causespecific (cardiovascular and infectious) death and (iii) kidney transplantation among adult US Medicare ESRD patients from 1 January 2000 to 31 December 2013. We also examined seasonal variations in kidney transplant failure among patients with functioning transplants.
Statistical methods
Among patients who were treated with renal replacement therapy (i.e. dialysis or kidney transplantation), overall and modality-specific counts and frequencies of each outcome were calculated in each month. Dates of renal replacement therapy initiation (or transition to ESRD), death and kidney transplantation as well as primary causes of death (i.e. cardiovascular disease, infection and others) were abstracted from the ESRD Medical Evidence Reports (Centers for Medicare and Medicaid Services Form 2746). Cardiovascular and infectious deaths were defined as shown in Supplementary data, Table S1 . Only the traditional USRDS 60-day collapsing rule was applied to patient modality; a patient must have received at least 60 days of a ii100 particular dialysis modality to be considered stable on this therapy, whereas kidney transplantation was considered to be a stable modality regardless of duration [32] . Modalities in the USRDS data file included hemodialysis, peritoneal dialysis, uncertain dialysis, discontinued dialysis, functioning transplantation, loss to follow-up and recovered kidney function. For modality-specific outcome, we focused on hemodialysis, peritoneal dialysis and functioning transplant, and examined monthly outcome events specific to particular modalities. Monthly outcome frequencies were then normalized based on days in a given month to account for the variation in the number of days within calendar months and years (i.e. 31 days in January and 28 days or 29 days in February) as follows: (normalized monthly outcome frequency) = (monthly outcome frequency) × ([365 × 3] + 366)/4/(days in a given month).
Overall monthly fractions were calculated by dividing the normalized monthly counts by the number of all patients with renal replacement therapy, including kidney transplantation, on the first day of the month. In this calculation, we introduced the term 'ESRD transition fraction' to express the fraction of all incident patients who have newly transitioned to ESRD in that given month divided by all ESRD patients, including those with functioning kidney allograft on the first day of the month. This concept is similar to immigration metrics in demography. Allcause and cause-specific mortality fractions and kidney transplantation fractions were defined same way. Additionally, monthly kidney transplantation failure fractions were calculated by dividing the normalized monthly count of kidney transplantation failures by the number of patients with functioning transplants on the first day of the month. We also averaged those normalized fractions and counts over 14 years, and then calculated the ratio of maximum versus minimum values in monthly averages to examine the impact of seasonality on outcomes. All statistical analyses were carried out with SAS Enterprise, version 6.1 (SAS Institute, Inc., Cary, NC, USA). Figure 1 shows the crude monthly frequencies and fractions of transition to ESRD, all-cause death and kidney transplantation among ESRD patients in the USA from 2000 to 2013. While the total number of ESRD patients rose constantly each year, the increasing trend of the annual ESRD transition count appeared to 
R E S U LT S
have plateaued during 2009-2012, and exhibited a drastic decline in 2013 (Table 1). The annual death count peaked and plateaued during 2009-2011, with subsequent drop and stabil-
Transition to ESRD
After normalization based on days in a given month, the overall transition fraction was lowest in July to September and highest in January to March of each year (Figure 2A) . The 14-year averaged transition fraction to ESRD was lowest in July (1.65%) and highest in January (1.97%), the ratio of which was 1.19 ( Figure 2B or Supplementary data, Figure S1A) . A similar pattern was observed with the 14-year averaged frequency of hemodialysis as the first modality, which was lowest in July (n = 6767) and highest in January (n = 8054) with a ratio of 1.19 (Supplementary data, Figure S1B ). Meanwhile, peritoneal dialysis and kidney transplantation as the first modality was most frequent in March (n = 726) and June (n = 255) and least frequent in December (n = 617) and April (n = 209), respectively (Supplementary data, Figure S1C and D) . Ratios of the largest versus smallest outcome frequencies were 1.18 and 1.22 for peritoneal dialysis and kidney transplantation, respectively.
All-cause and cause-specific mortality All-cause mortality was lowest in July to September and highest in December to February of each year, except for 2011 when the lowest mortality was observed in October ( Figure 3A) . The 14-year averaged all-cause mortality was lowest in August (1.32%) and highest in January (1.56%), in which the ratio was 1.18 ( Figure 3B or Supplementary data, Figure-S2A ). The 14-year averaged frequency of all-cause death in hemodialysis, peritoneal dialysis and functioning kidney transplant was also lowest in July or August (n = 4887, 340 and 312, respectively) and highest in December or January (n = 5667, 397 and 369, respectively; Supplementary data, Figure S2B -D). Ratios of the largest versus smallest outcome frequencies were 1.16, 1.17 and 1.18 for hemodialysis, peritoneal dialysis and functioning kidney transplant, respectively. Consistent trends were observed for cardiovascular death across modalities (Supplementary data, Figure S3 ). The 14-year averaged cardiovascular mortality was lowest in August (0.58%) and highest in January (0.71%) with a ratio of 1.23 (Supplementary data, Figure S3A ). The 14-year averaged frequency of cardiovascular death in hemodialysis, peritoneal dialysis and functioning kidney transplantation was also observed with the lowest frequency in August or September (n = 2349, 165 and 40, respectively) and with the highest frequency in January (n = 2826, 198 and 54, respectively), with a ratio of 1.20, 1.20 and 1.33, respectively (Supplementary data, Figure S3B-D) .
For infectious death, the 14-year averaged fraction was lowest in July (0.15%) and highest in January (0.19%), with a ratio of 1.25 (Supplementary data, Figure S4A ). In hemodialysis and peritoneal dialysis, the 14-year averaged frequency of death due to infection was also lowest in July (n = 606 and 54, respectively) and highest in January (n = 731 and 68, respectively; Supplementary data, Figure S4B and C). Infectious death in functioning kidney transplantation also showed highest frequency in January (n = 28) but lowest frequency in May (n = 21; Supplementary data, Figure S4D ). Ratios of the largest versus smallest frequencies were 1.21, 1.25 and 1.34 for hemodialysis, peritoneal dialysis and functioning kidney transplant, respectively.
Kidney transplantation and transplantation failure
The 14-year averaged kidney transplantation fraction was lowest in December (0.26%) and highest in June (0.30%) among ESRD patients with renal replacement therapy (Figure 4 or Supplementary data, Figure S5A ). Consistent trends were observed for both living donor and deceased donor kidney transplantation, but this variation was largely attributed to living donor rather than deceased donor transplantation; ratios of the largest versus smallest outcome frequencies were 1.23 and 1.11, respectively (Supplementary data, Figure S5B and C) . The 14-year averaged kidney transplantation failure fraction among patients with functioning transplant was lowest in September (0.56%) and highest in January (0.65%) with a ratio of 1.17 ( Figure 5 or Supplementary data, Figure S5D ).
D I S C U S S I O N
Consistent seasonal variations were observed in ESRD incidence, all-cause death, cardiovascular death, infectious death, kidney transplantation and transplantation failure among ESRD patients who were treated with renal replacement therapy in the USA. Both overall fractions and modality-specific frequencies of ESRD incidence and all-cause, cardiovascular and infectious death were highest in the winter season (i.e. December or January) and lowest in the summer season (i.e. July to September), whereas the month with the lowest frequency of infectious death in kidney transplantation was May. Kidney transplantation fractions were highest in June, and this peak appeared to be attributed mainly to living kidney transplantation rather than cadaveric transplantation. Transplantation failure fraction showed consistent seasonal variations with transition fractions and allcause mortality, peaking in January and nadiring in September. These seasonal variations were consistently observed across years despite the secular changes in the characteristics of incident ESRD patients, such as age and diabetes.
The fraction of transition to ESRD and transplant failure showed almost the same seasonal variations with all-cause, cardiovascular and infectious death in this study using data from the USRDS. A previous study involving 15 056 patients from six states in the USA showed such variations to be consistent over different climatic regions, including the Mediterranean climate in coastal California [29] . The international Monitoring Dialysis Outcomes (MONDO) consortium of 87 399 hemodialysis patients in 31 countries from the USA, Europe, Asia Pacific and Latin America also found significant global seasonal variations in all-cause mortality, blood pressure and inter-dialytic weight gain in temperate climate zones, but not in tropical climate zones [31] . Another study from Okinawa, Japan, which has a subtropical climate, revealed seasonal variations in the incidence of ESRD [30] . However, these studies did not evaluate mortality and ESRD incidence at the same time. To the best of our knowledge, our 14-year USRDS database trend analyses have enabled us to examine and identify relatively robust seasonal variations in the incidence of ESRD, cause-specific death and kidney transplant failure simultaneously for the first time, with a far larger sample size. These results support our hypothesis that the winter peak in the incidence of transition to ESRD is, at least partly, attributed to cardiovascular disease and infections. Indeed, the 2015 USRDS Annual Data Report showed that patients with CKD have much higher incidence of hospitalization with acute kidney injury than those without CKD, and that acute kidney injury, hypertension and congestive heart failure are the top three causes of hospitalizations among incident ESRD patients transitioning to ESRD [33] .
Although we do not know what leads to such consistent seasonal variations, it is possible that cardiovascular and infectious events contribute to more expeditious transition to ESRD and transplant failure in winter time. If so, these disease conditions are potential targets for intervention among both predialysis and post-transplantations [34, 35] . Given that the frequency of starting peritoneal dialysis as the first modality or preemptive kidney transplantation peaked in March and June, respectively, the development of cardiovascular disease and infection might have induced higher frequency of unanticipated initiation of renal replacement therapy with hemodialysis in winter. Also, these results suggest that seasonality should be accounted for in clinical studies of patients with any stage of chronic kidney disease (i.e. predialysis, dialysis and post-transplant period) when evaluating exposures that fluctuate over seasons.
Our study should be qualified by several limitations. First, the modality-specific outcomes may not reflect the effect of each modality, because this study did not consider patients who transitioned across renal replacement therapy modality over time. For example, some kidney transplant recipients who developed infections might have died soon after losing allograft function upon returning to dialysis modality. Additionally, if such patients died within 60 days after graft loss, they were categorized as 'uncertain dialysis modality'. Whereas our analyses may not entail high precision in dialysis modality conversion data, our results are exceptionally robust pertaining to the ESRD transition, mortality and transplant counts and fractions. As another limitation, we did not examine seasonal variations across regions in the USA. Lastly, our results may not be extrapolated to other countries in different climates, such as tropical zones. Nevertheless, the strength of our study is that we used data from the entire USA, using the USRDS database, a national data system that comprehensively collects information about all treated ESRD in the USA.
In conclusion, the 14-year cumulative data from the USRDS (2000-2013) showed consistent seasonal variations in the transition to ESRD and all-cause, cardiovascular and infectious deaths, as well as kidney transplantation and transplant failure. We found a strikingly robust pattern of seasonal variation in that adverse events and transitioning to ESRD were more frequent in winter and less frequent in summer. Understanding these variations may allow for more efficient and cost-effective allocation of healthcare resources across seasons of the years, and have subsequent impact upon clinical practice and healthcare policy.
S U P P L E M E N TA RY D ATA
Supplementary data are available online at http://ndt.oxfordjournals.org.
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